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The focus of volcanic activity in the Izu-Bonin arc has migrated across the arc 
over time, creating distinct across-arc geochemical regions including the arc front, rift 
region, and the rear arc seamount chains (RASC). This study challenges the previously 
held assumptions that the rear arc was inactive after 2.8 Ma and that tephra deposited 
in the arc younger than 2.8 Ma with K2O > 1 wt.% and La/Yb > 2.2 was sourced from 
the SW Japan arc. I studied 1.1 - 2.7 Ma tephra retrieved from core from the rear arc at 
Site U1437, IODP Expedition 350, in order to clearly identify tephra provenance using 
geochemistry. 
Our new dataset includes geochemical data from glass shards for 53 < 2.7 Ma 
tephra layers from Site U1437 combined with rhyolite dredge samples from the rift and 
rear arc regions. These data are compared with a previously published dredge sample 
dataset for the same latitude range (~32°N) and a SW Japan arc tephra dataset to 
distinguish between three possible tephra sources, 1) volcanic front/rift-related 2) rear 
arc seamount chain-type, or RASC type, and 3) SW Japan arc. Compared to the 
volcanic front and rift, the RASC-type signature is more continent-like with a medium to 
high K2O (> 1 wt.%), high La/Yb (> 2.2.), and lower eNd and eHf. Thorium concentration is 
distinctly lower in magmas from all regions of the Izu-Bonin arc (< 5 ppm) as compared 
to the SW Japan arc (> 5 ppm). Additionally, SW Japan arc tephra is distinctively lower 
in eNd and eHf compared to the RASC-type tephras. 
We find that 8 of 130 consecutive tephra intervals in this 1.1 - 2.7 Ma age range 
are sourced from the SW Japan arc, 36 are RASC-type, interpreted to be sourced from 
the rear arc, and 86 are arc front or rift. Thus 28% of tephra intervals from 1.1 - 2.7 Ma 
are newly interpreted as rear-arc derived rather than from the SW Japan arc. 
Younger RASC-type tephra show a trend to more rift-related signatures both in 
trace elements and isotope ratios. This trend, along with interpreted spatial patterns of 
tephra sources, suggests eastward migration of RASC-type tephra eruptions and 
concomitant changes in geochemical signature producing a smooth transition to rift-like 
characteristics (with some exceptions). 
Because the rear arc is >1000 mbsl, an important outcome of this study is that 
these 36 newly identified RASC-type tephra intervals imply previously unrecognized 
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The Izu-Bonin-Mariana arc has been extensively studied because it is a purely 
intra-oceanic arc with no continental influence, yet it exhibits strong geochemical 
asymmetry across the arc. The Izu-Bonin arc contains geochemically distinct front, rift, 
and rear arc types of volcanism (Figure 1), that provide a natural laboratory for 
understanding how subduction outputs change with respect to the depth of the 
subducting slab (Ishizuka et al., 2002; Ishizuka et al., 2011a; Stern, 2003; Taylor, 1992). 
The Izu-Bonin arc has a depleted arc front and an enriched, more continental-like rear 
arc that is important for understanding how continental crust is formed in an intra-
oceanic setting. In this study I address some confusion on how recently the rear arc has 
been erupting continental-like material (c.f. Ishizuka et al. 2003a, Heywood et al., 2020). 
Volcanism in the rear-arc region began around 17 Ma and is thought to have 
ceased by 2.8 Ma as new rifting began behind the volcanic front (Ishizuka, 2003a). 
However, newer evidence suggests the existence of rear-arc eruptive activity as 
recently as 1.1 Ma based on a rear-arc tephra record (Heywood et al., 2020). The aim 
of this study is to use tephra geochemistry to determine the prevalence of rear-arc 
activity more precisely since 2.8 Ma and to determine how frequently rear-arc type 
eruptions occurred compared to the volcanic front and active rift.  
Geochemical regions of the Izu-Bonin arc and the Southwest (SW) Japan arc are 
characterized by erupted products with distinct major and trace element and isotopic 
signatures due to varied additions from the subducted slab and varied levels of mantle 
depletion across the arc. These geochemical signatures are distinct enough to allow the 
identification of the provenance of even far-traveled tephra layers (Heywood et al., 
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2020). Additionally, these signatures do not vary even when magma compositions are 
bimodal; basalt to rhyolite lavas from a specific source region have similar isotopic and 
trace element ratios such as 143Nd/144Nd and La/Yb (Heywood et al., 2020).  
This study utilizes a continuous record of 1.1 – 2.7 Ma dominantly felsic tephra 
cored from the Izu Bonin rear arc to determine their source regions, utilizing these 
distinct geochemical signatures and comparing them with newly analyzed rhyolite 
dredge samples from the rear arc and rift. Dredge samples were erupted in place and 
therefore have known eruption location whereas the core contains felsic tephra with 
unknown eruption location. All existing tephra layers from 1.1 - 2.7 Ma were sampled 
from cores retrieved from Site U1437 during International Ocean Discovery Program 
(IODP) Expedition 350 (Figures 1 & 2). I use major element, trace element, and isotopic 
signatures of glass shards in the tephra (e.g. K2O, La/Yb, Ba/La, Th, eNd, eHf) to 
distinguish whether they came from eruptions sourced in the Izu Bonin rear-arc, 
rift/volcanic front, or the SW Japan arc. Pre-existing major element data from <1 Ma 
cored tephra from the same site (Schindlbeck et al., 2018a) show that the majority of 
tephra intervals are indeed low-K from the volcanic front and rift, but many others with 
higher K2O could be either from the rear arc or the SW Japan arc. Schindlbeck et al. 
(2018a) assigned these higher K2O tephra intervals to come from explosive eruptions 
from the SW Japan arc, but newer chemical characterizations from Heywood et al. 
(2020) indicate that they could be sourced from the more local Izu Bonin rear arc.  
The hypothesis tested in this study is whether geochemically distinct volcanic 
activity occurred in three regions across the arc simultaneously – rear-arc type magmas 
synchronously erupting with the already well-established volcanic front and rift-type 
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magmas. The results are important not just for understanding how subduction outputs 
vary with depth to the subducting slab, but also the corollary result that, because of the 
seafloor depths (Figure 1), abundant felsic tephras originating from the rear arc would 
document the existence of abundant, felsic explosive deep-water eruptions. 
Additionally, the results will place better constraints on Izu Bonin arc fluxes. Because 
the Izu Bonin rear-arc and the SW Japan arc have some similar geochemical 
signatures, previous studies have used the pre-supposed cutoff date of 2.8 Ma to 
assume that all tephra younger than 2.8 Ma with those signatures originated from SW 
Japan arc (Schindlbeck et al., 2018a; 2018b). This assumption may over-estimate the 
amount of eruptive material deposited in the region from eruptions in the SW Japan arc 
and underestimate the amount of felsic eruptive material from the Izu-Bonin arc. 
Correctly interpreting felsic arc magma fluxes is important for understanding how 
continental crust is formed and for inferring hazards (e.g., Dimalanta et al., 2002; 
Kutterolf et al., 2008). 
This study shows that felsic explosive eruptions bearing rear-arc seamount chain 
trace-element signatures (RASC-type) were indeed active more recently than 2.8 Ma, 
but their isotopic signatures point to a transition from an isotopically distinct rear arc 
source before 2.8 Ma to isotopic signatures that are more similar to those beneath the 
active rift after 2.8 Ma. This supports the previously suggested idea that the source of 






2.1  Geologic Setting and Core Description 
Subduction of the Pacific plate under the Philippine Sea plate at the Izu-Bonin 
Mariana arc initiated ~52 Ma (Ishizuka et al., 2018; Stern et al., 2003), accompanied by 
widespread rifting and seafloor spreading in the overriding plate followed by a period of 
boninite magmatism (Reagan at al., 2019). The first well-established arc front formed in 
the Oligocene (~30 Ma) when the Pacific plate began moving in a more westerly 
direction (Ishizuka et al., 2018; Stern, 2003). Volcanism in the well-established arc 
continued until ~25 Ma when activity waned significantly and likely ceased all together 
(Ishizuka et al. 2011a; Stern, 2003), coincident with rifting and the opening of the 
Shikoku Basin back arc (Ishizuka et al., 2011a). By 17 Ma, volcanic activity began on 
the eastern side of the Shikoku Basin (in the rear-arc) and reinitiated at a volcanic front 
further east (Stern, 2003). The locus of volcanism in the rear arc moved eastward as 
subduction continued and the angle of the subducting slab was inferred to have 
increased from 30 to 45 degrees, creating a west-to-east trend of younger lavas in the 
rear-arc seamount chains (Hochstaedter et al., 2001; Ishizuka, 2003b; Miyazaki et al. 
2020; Wurth, 2019;). Around 2.8 Ma, rifting of the arc began over a wide region between 
the volcanic front and the rear arc, with the focus of rift volcanism occurring at the 
Sumisu rift since ~1 Ma (Ishizuka et al., 2002; Taylor, 1992). Rear-arc volcanism was 
thought to have ceased at the beginning of rifting (Ishizuka, 2002), but Heywood et al. 
(2020) has shown evidence for at least some rear-arc volcanism as young as 1.1 Ma. 
The IODP Expedition 350 Site U1437 was the first scientific drilling in the rear-arc of 
the Izu-Bonin volcanic arc with the goal of testing models for arc evolution since the 
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Oligocene. Site U1437 is located 330 km west of the trench axis and 90 km west of the 
volcanic front (Figure 1). The seafloor at site U1437 is 2117 meters below sea level 
(mbsl) and core retrieval during expedition 350 was successful to 1806.5 mbsf (Tamura 
et. al, 2015). The core is divided into seven lithostratigraphic units (I-VII) ranging in age 
from 0 - 15.4 Ma (Figure 3) (Schmitt, 2018; Tamura et. al, 2015; Busby et al., 2017). 
Unit I (0 - 4.3 Ma) encompasses the entirety of hole U1437B (0 - 439.10 m) and part of 
hole U1437D (427.20 - 682.12 m). Tephra layers are generally undisturbed from 
bioturbation and are separated by sediment from background deposition between 
eruptive events (e.g., Corry-Saavedra et al., 2019) preventing mixing of layers and 
allowing for every eruption event to be sampled. 
This study focuses on the chemistry of tephra intervals in unit I from 131.40 - 361.1 
mbsf, which correlates to 1.1 to 2.7 Ma respectively based on the shipboard age model 
(Busby et al, 2017) and more recent geochronologic data Schmitt et al. (2018). Unit I is 
mainly composed of tuffaceous mud and mudstone (88%) with intervals of ash, tuff, 
lapilli-ash, and lapilli-tuff (11%). Glass chemistry of a subset of Unit I (all tephras 0-1.1 
ma) has been published by Schindlbeck et al. (2018a), with other select tephras 
analyzed by Heywood et al. (2020) and Corry-Saavedra et al. (2019). 
 
2.2  Izu Bonin Arc – Across Arc Trends 
Setting the stage 
The traditionally defined geomorphic provinces in the northern part of the Izu-Bonin 
arc were based on bathymetric features: from east to west, the volcanic front, active rift, 
back-arc knolls, and the western seamounts (Hochstaedter et al., 2001 and references 
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therein) with each group having some distinct geochemical characteristics displayed by 
dredge samples. However, with a closer analysis of a larger geochemical dataset of 
dredge samples (see DeBari et al., 2020), these groupings became less clear 
geochemically. As a result, Heywood et al. (2020) redefined regional geochemical 
signatures (and hence inferred source regions) using new geochemical metrics into a) 
rear-arc seamount chains type (RASC-type) (formerly back-arc knolls and western 
seamounts) b) rift-related, and c) volcanic front. Heywood et al. (2020) described the 
across arc trends using K2O, La/Yb, La/Sm, Th, Ba/La, 87Sr/86Sr, 176Hf/177Hf and 
143Nd/144Nd. Trace element signature is a better determination of provenance because it 
is linked to the source of volcanism rather than the somewhat arbitrary location of where 
that volcanism is expressed at the surface and therefore the geochemical classification 
is used rather than the geomorphic classification. 
The geochemical variation in eruptive products is thought to be caused by two things 
(see summary in Figure 1B): variable additions from the subducted slab across the arc 
and variable levels of mantle depletion across the arc (Hochstaedter et al., 2000; 2001; 
Ishizuka et al. 2003b; Tollstrup et al., 2010). The across arc trends were first described 
by Hochstaedter et al. (2000;2001) who linked them to changing input from the slab and 
variable mantle depletion. Ishizuka et al (2003b) and Tollstrup et al. (2010) used Th/La 
to infer that there must also be a sediment melt component (up to 10%) in the rear arc. 
Tollstrup et al. also found systematic variations in La/Yb across the arc with the lowest 
values at the volcanic front and the highest values in the rear arc. 
The addition of H2O-dominated fluid from the subducted slab in the volcanic front as 
compared to slab sediment melt in the rear arc has caused the rear arc to be enriched 
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in incompatible trace elements (including the light rare earth elements) and have lower 
radiogenic isotope ratios (176Hf/177Hf, 143Nd/144Nd, and 87Sr/86Sr) as compared to the 
volcanic front (Ishizuka et al. 2003b; Tollstrup et al, 2010), whereas the volcanic front is 
relatively enriched in fluid-mobile elements and 87Sr/86Sr. The volcanic-front signature is 
the result of adding slab fluid to more depleted mantle and that the rear-arc signature is 
the product of adding residual slab fluid and slab melt to a less depleted mantle 
(Hochstaedter et al., 2001, Tollstrup et al., 2010).  
The variation in mantle source is thought to be caused by a progressive west-to-east 
depletion of the mantle wedge magma source as it convects towards the volcanic front 
(Hochstaedter et al., 2000; Tamura et al., 2002). The west-to-east depletion of the 
mantle wedge results in the eruption of tephra that is relatively depleted in rare earth 
elements (REEs) at the volcanic front compared to the rear arc (Hochstaedter et al., 
2000). 
Specific geochemical characteristics 
The variation in K2O concentration can be used as a first-order way to differentiate 
tephra from the rear-arc, which has a medium-K signature (Straub, 2003), from the 
volcanic front and the rift-related rocks, which both have a low-K signature (Figure 4).  
Light rare earth elements (La/Yb and La/Sm) were the defining characteristics used 
by Heywood et al. (2020) to differentiate arc source regions based on hundreds of 
dredge samples. Increasing La/Yb and La/Sm ratios to the west are interpreted to 
reflect a higher slab sediment melt component (Tollstrup et al., 2010).  Across the arc, 
La/Yb increases from the volcanic front (La/Yb <1.2) to the rift (La/Yb 1.2-2.2), and the 
rear-arc (La/Yb >2.2) (Figure 5A) (classifications from Heywood et al., 2020). La/Sm 
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shows a similar westward enrichment trend from the volcanic front rocks (La/Sm <1.0, 
positive slope pattern), rift-related rocks (La/Sm 1.0-1.5), and RASC-type (La/Sm >1.5, 
negative slope pattern) (Figure 5B & 6) (Heywood et al., 2020).  
Volcanic front dredge samples have lower absolute values of middle to heavy REEs 
(3-30) compared to rear-arc (10-80). The rift-related dredge samples display a flat REE 
pattern and have intermediate absolute REE values (10-30) (Figure 6) (Heywood et al., 
2020).  
Higher Th concentrations and low 143Nd/144Nd isotopic ratios are characteristic of 
dredge samples from the rear arc and are attributed to an increase in slab sediment 
melt contribution (Tollstrup et al., 2010). Concentrations of Th overlap in samples from 
all three regions, but the rear arc samples have concentrations up to 5 ppm whereas the 
volcanic front and the active rift have Th <2 ppm (Figure 7). The 143Nd/144Nd ratios are 
lower in dredge samples from the rear-arc (<0.513070) compared to volcanic front and 
rift-related samples (>0.513060) (Heywood et al, 2020). 
 Dredge samples from the volcanic front have higher ratios of Ba/La and 87Sr/86Sr 
(Figures 7 & 8) compared to samples from the rear-arc. This is interpreted to be due to 
the attrition of slab fluid westwards. Figure 7 shows that Ba/La in dredge samples from 
the volcanic front (Ba/La >20 for basalts and >30 for rhyolites) is higher than rift-related 
samples (Ba/La <20 for basalt and <40 for rhyolites) and rear arc samples (<25 for 
basalt and <35 for rhyolites) (Heywood et al., 2020). 87Sr/86Sr also decreases from the 




2.3  Distinguishing Geochemical Characteristics for Izu-Bonin Rear Arc & SW Japan Arc  
The SW Japan arc is characterized by higher components of both sediment melt and 
slab fluid indicators than the Izu-Bonin arc, and as such Japanese tephra are 
characterized by lower 176Hf/177Hf and 143Nd/144Nd, higher Th (from sediment melt from 
the subducting slab) and higher values of Ba/La and 87Sr/86Sr (slab fluid indicators) 
(Hanyu et al., 2002; Shinjo et al., 2000). The eHf values in the SW Japan arc are <14 
whereas they are >13 in the Izu-Bonin arc, although there is some overlap with rear-arc 
samples (c.f., Hanyu et al., 2002; Heywood et al., 2020; Straub et al., 2010). In contrast, 
the SW Japan arc Nd isotopic ratios (eNd < 7) are always distinct from Izu-Bonin rear-arc 
ratios (eNd >7) (Shinjo et al., 2000; Sugimoto et al., 2006). Slab-fluid indicators such as 
Ba/La and 87Sr/86Sr are also higher in the SW Japan arc (10-110 and 0.70370-0.70385, 
respectively) than in the Izu-Bonin rear-arc (0-35 and <0.70350, respectively). Thorium 
varies widely in the SW Japan arc (0-23 ppm) but are low in the Izu-Bonin rear arc 
(<5ppm) (Kimura et al., 2015; Heywood et al., 2020).  
Because the SW Japan arc tephras share many geochemical similarities with Izu 
rear-arc tephras (e.g., La/Yb > 2, K2O > 1 wt.%), isolating distinctive trace element and 
isotopic characteristics to distinguish between the two is critical. As described above, 
Izu-Bonin rear-arc volcanic rocks/tephra can be effectively distinguished from the SW 
Japan arc using Th vs Ba/La, 143Nd/144Nd vs 176Hf/177Hf, and 143Nd/144Nd vs 87Sr/86Sr 
plots. The plot of Th vs Ba/La (Figure 7) is heavily used in this study due to the minimal 
overlap in chemical signature between the two without having to rely on expensive 




3.1  Sample Selection and Preparation 
The samples utilized in this study are 1.1 to 2.7 Ma tephras from Unit I of IODP Hole 
U1437B, cored during Expedition 350 (Tamura et al., 2015) and four rhyolite dredge 
samples. Two of the dredge samples are from the rift geomorphic region sensu stricto 
and two are from the geomorphic regions of the rear arc and back arc knolls. The tephra 
age range was chosen because Schindlbeck et al. (2018a) already characterized 
chemistry of the 0-1 Ma samples, and this 1.1 - 2.7 Ma age range is before the 
proposed shutoff of RASC-type volcanism. This age range corresponds to U1437B 
intervals 20F1-119-121 to 47X2-58-60. Every tephra layer in this age range was 
sampled. Each tephra layer has variable thickness, but glass shard sample numbers 
correspond to a single interval within that tephra layer. As a result, sample identification 
numbers give the exact location within the core interval that the tephra sample was 
taken from. 
Tephra age was inferred using trend lines through on-board biostratigraphy ages of 
tephra intervals and their depth below the seafloor (Tamura et al., 2015). Two trend 
lines were used due to a change in slope at 2 Ma. For intervals that are 0 – 2 Ma, y = 
118.6x - 0.4 age model formula was used to infer age and for intervals 2 – 4.8 Ma, y = 
212.8 - 204.7 was used.  
All tephra intervals were analyzed for major elements by Schindlbeck (unpublished 
data) and these data were used to select all tephras with K2O > 1 wt.% for further 
analysis. Based on arguments above, I assume that all tephras with <1 wt.% K2O are 
derived from the volcanic front or the rift, and further analysis was unnecessary. The 
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subset of K2O > 1% tephras consist of 53 intervals of previously prepared grain mounts 
from Schindlbeck. Samples had been wet-sieved for the grain size fraction of 63-125um 
in the laboratories at the GEOMAR Helmholtz Center for Ocean Research Kiel, 
Germany. The samples were then prepared as polished grains mounts and carbon 
coated. 
Geochemical compositions for glass shards were determined using energy 
dispersive spectroscopy (SEM-EDS) for major and minor elements (n = 237), and laser 
ablation inductively coupled mass spectrometer (LA-ICP-MS) for trace elements (n = 
218). For each sample, three to six glass shards were chosen for SEM and LA-ICP-MS 
analysis. Glass shards were chosen based on size (>30um diameter) and the absence 
of inclusions and vesicles. Based on trace element composition, a subset of bulk tephra 
samples was chosen for isotopic analysis as were the four rhyolite dredge samples (two 
RASC-type and two rift-related). Multi-collector inductively coupled mass spectrometry 
(MC-ICP-MS) was used to collect isotopic data for bulk tephra samples (n = 11) and 
rhyolite dredge samples (n = 4). 
 
3.2  SEM-EDS Analyses 
Major element chemistry was analyzed at Western Washington University (WWU) 
using a JEOL – JMS 7200F field emission scanning electron microscope (FE-SEM) 
equipped with a 150 mm2 Oxford X-maxN energy dispersive X-ray spectrometer (EDS) 
with a silicon drift detector. Major element analyses done by Schindlbeck (unpublished) 
and Schindlbeck et al. (2018a) using an electron microprobe were validated at WWU 
using FE-SEM-EDS. Three to six glass shards were chosen per interval and three 
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analyses per glass shard were performed to confirm consistent composition across 
each shard. The electron beam was calibrated between each sample in the Oxford 
AZtecä EDS software using copper as a single element standard to establish a beam 
energy based on x-ray counts from K-peaks of copper. The phi-rho-Z method and the 
suite of standards built into Aztec software were used to quantify sample analyses. For 
each analysis, the beam was scanned over an area of 170 µm2 rather than a point to 
minimize sodium and potassium migration during beam bombardment (Goldstien et al., 
2018). Electron beam and EDS detector settings remained the same for each analysis 
with an accelerating voltage of 20 kV, 10 mm working distance, a mid-range process 
time of 5, 6 x 106 counts/spectrum, and a dead time of 35-40%. The following oxides 
(with average ! error) were analyzed on every glass shard: Na2O (±0.06), K2O (±0.03), 
FeO (±0.06), SiO2 (±0.19), TiO2 (±0.04), MgO (±0.04), CaO (±0.04), MnO (±0.03), Al2O3 
(±0.09), and P2O5 (±0.05). Silicon oxide concentrations from these analyses are used as 
internal standard values for the LA-ICP-MS analysis. Shards from bimodal intervals 
were broken into groups based on SiO2 composition (basaltic: <55 wt.%, andesitic: 55-
65 wt.%, and rhyolitic: >65 wt.%) 
 
3.3  LA-ICP-MS Analyses 
Analyses of 228 glass shards came from 53 intervals with 12 samples run in 
duplicate. Schindlbeck et al. (2018a) analyzed 64 glass shards from 26 intervals and 
Heywood et al. (2020) analyzed 11 glass shards from 4 intervals. Glass shards were 
analyzed for trace elements using a Photon Machines Analyte G2 193 nm ArF Excimer 
laser system and a ThermoScientific iCAP RQ ICP-MS.  
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Si values determined by SEM were used as the internal standard for the glass 
shards in this study. Primary standard(s) GSD-1G (and BCR-2) were used in 
conjunction with secondary standards BHVO-2G, ATHO, and StHs6/80 (analyses of 
these standards as unknowns is presented in Figure 9). Each run of 50 samples was 
bracketed by a block of primary and secondary standards, with the (GSD-1 G) primary 
standards analyzed every 10 samples. Measured values of the standards were 
compared to the known standard values from Jochum (2005) and show that the 
average differences between them for Ba, La, Lu, Yb, Hf, and Th are within 2.0% for 
GSD-1G, 2.0% for StHs6/80-G, 6.7% for ATHO-G, and 1.9% for BHVO-2G. Normalized 
trace element pattern shapes for measured standards mimic the pattern shapes using 
known values (Figure 9).  
Prior to each analysis, a one second pre-ablation sequence was preformed using a 
50 µm diameter spot size to clean the surface and remove carbon coating. Following 
pre-ablation, peak system background was measured at each analytical mass for 20 
seconds. Analytical ablation began with a laser warm up of two seconds then a 45 
second ablation period ending with a 25 second washout. Standard and unknown 
analyses were performed under identical operating conditions of 75% output, 6.35 J/cm2 
fluence, 10 Hz repetition rate, He gas flow rate of 0.8 l/min, and a 30 µm spot size. 
Glass shards (with average % error) were analyzed for the following elements: Rb 
(±3.19), Sr (±4.14), Y (±8.90), Zr (±8.47), Ba (±2.57), La (±2.82), Ce (±2.72), Pr (±6.47), 
Nd (±3.25), Sm (±4.19), Eu (±5.30), Gd (±4.29), Tb (±9.07), Dy (±3.80), Ho (±7.55), Er 
(±4.41), Tm (±9.60), Yb (±3.93), Lu (±5.37), Hf (±7.09), Pb (±11.93), Th (±6.90), and U 
(±8.90). Inconsistent counts during ablation occurred during 39 analyses and therefore 
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were not used in this study. Inconsistences were likely due to voids or inclusions below 
the surface of the shard. Due to an error in sample run set up, 13 intervals were not 
analyzed for Hf.  
 
3.4  MC-ICP-MS Analyses 
Analysis of 15 whole rock samples for Sr, Nd, and Hf isotopes were performed at the 
University of Melbourne Australia. Of the 15 samples, two are dredged rift rhyolites 
collected by ALVIN, two are dredged RASC rhyolites from MW Dredge 12 and 38, and 
eleven are tephras from Expedition 350 core.  
Splits of rock powders milled in agate (ca. 0.10 gram) were leached with 6M HCl 
(100°C for 30 mins), rinsed and dissolved at low pressure (3:1 HF-HNO3, 120oC for 48 
hrs; 2x1 ml HNO3; 4 ml 6M HCl for 24 hrs). Duplicates of two samples with low Sr 
concentrations (88 and 34 ppm) were dissolved without prior HCl leaching, to examine 
the extent of secondary alteration in low-Sr rhyolites. Unleached sample analyses were 
not used in this study as they showed significantly higher 87Sr/86Sr and lower eNd likely 
due to sea water alteration. Further, duplicates of three rhyolites with the highest Zr 
concentrations (303, 293, 314 ppm) were HCl-leached and dissolved at high pressure 
(Krogh-style PTFE vessels, 3 ml 3:1 HF-HNO3, 180oC, 48 hrs; 2x1 ml HNO3; 4 ml 6M 
HCl, 160oC, 24 hrs). Strontium was extracted using a single pass over a small column of 
Eichrom Sr resin (100-150 mm, 0.15 ml, Sr resin underlain by 5 mm bed of Eichrom 
Prefilter resin; modified from Pin et al., 1994). Hafnium and Nd were extracted using 
Eichrom LN resin (Münker et al., 2001) and Eichrom TRU- and LN-resin (Pin and 
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Santos-Zalduegui, 1997), respectively. Total blanks were <0.1 ng Sr and <0.05 ng Nd 
and Hf, and blank corrections were negligible.  
Isotopic analyses were carried out on Nu Plasma multi-collector ICP-MS, with 
sample introduction via a PFA nebuliser (Glass ExpansionTM OpalMist, ~0.06 ml/min 
uptake) and a CETAC Aridus desolvator, following methods adapted from Maas et al. 
(2015) and Woodhead et al. (2019). Isotopic analyses of Sr, Nd and Hf were carried out 
with signals of ca. 8V, 15-20 V and 15-20V, respectively; a run solution doped with HF 
(0.3M HNO3 - 0.1M HF) was used for the hafnium isotope analyses. Instrumental mass 
bias was corrected by internal normalization to 88Sr/86Sr = 8.37521, 146Nd/145Nd = 
2.0719425 (equivalent to 146Nd/144Nd = 0.7219, Vance and Thirlwall, 2002) and 
179Hf/177Hf = 0.7325, respectively, using the exponential law. Final 87Sr/86Sr, 143Nd/144Nd 
and 176Hf/177Hf are reported relative to SRM987 = 0.710230, La Jolla Nd = 0.511860, 
and JMC475 Hf = 0.282160; the measured ratios for these standard materials were in 
the ranges from 0.710138 to 0.710209; 0.511834 to 0.511884 and 0.282171 to 
0.282186. External precision based on analysis of rock standards is estimated to be ca. 
0.000040, ±0.000030 and 0.000015 (2sd), respectively. Results for USGS reference 
basalts BCR-2, BHVO-2 and AGV-2, as well as Sr isotope results for modern marine Sr 
(coral EN-1) analysed with the unknowns are consistent with reference values (e.g., 
http://georem.mpch-mainz.gwdg.de) and long-term averages for the MC-ICP-MS 
instrument used here. eNd and eHf values were calculated using modern CHUR 





4.1 Tephra Description 
Tephras are composed of minerals, lithics, and glass shards whose grain sizes 
vary from fine ash to lapilli. Tephra intervals are clean (free of mud) and contain angular 
glass shards that can contain microlites as well as vesicles. Tephras fall into three main 
types; vitric-rich with large angular glass shards, vitric rich with thin elongate glass 
shards, and lithic rich (Figure 10A). The first group is characterized by large angular 
glass shards (35%), vesicular glass shards (25%), large mineral grains (43%), and 
minor amounts of lithics (2%). The second group is characterized by thin elongate glass 
shards (95%), minor amounts of minerals (5%), and an absence of lithics. The third 
group is characterized by angular glass shards (10%), vesicular glass shards (20%), 
minerals (20%), and a large amount of lithic clusters (50%). Lithic clusters are an 
aggregate of glass, minerals, and oxides. Mineral phases are present in all intervals and 
include plagioclase, pyroxenes, and Fe-Ti oxides (Heywood et al., 2020). Tephra layers 
exhibit a sharp lower contact and a gradational upper contact due to gradual tephra flux 
and are interpreted to be from settling through the water column (Corry-Saavedra et al., 
2019). 
Glass shards within an interval are either angular solid shards or pumiceous 
shards. Two typical morphologies of shards are identified (Figure 10). The first group 
are vesicle and oxide free shards (Figure 10B) and the second group are vesicular 
shards with or without oxide inclusions (Figure 10C). Mineral inclusions were also seen 
in glass and were avoided for this study.  
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4.2  Glass Shard Major Elements 
Major and minor elements normalized to 100% are reported in Table 1 for 53 
consecutive tephra intervals with K2O >1.0 from unit I, ranging in depth and age from 
131.46 – 361.09 mbsf and 1.1 – 2.7 Ma. I present multiple analyses of shards per 
interval to evaluate homogeneity and each multiple is denoted by an added number to 
the sample name. Glass shards from 16 of the 53 intervals were analyzed by 
Schindlbeck (unpublished) and 4 by Heywood et al. (2020). Results for 77 intervals in 
the same depth/age range with K2O <1.0 wt.% analyzed by Schindlbeck are discussed 
later. Glass shards range from 50.5 to 81.8 wt.% SiO2, with the majority of samples 
having greater than 70 wt.% SiO2 (Figure 11). Most shards in a given interval are 
homogenous in SiO2 wt.%, but five intervals show a range in composition of shard SiO2 
(basalt to rhyolite). No significant difference in major element chemistry was observed 
between shards of different morphologies.  
All intervals are plotted on major element Harker diagrams (Figure 12). Glass 
compositions show clear trends even though they represent a wide variety of eruptive 
centers and ages. MgO, FeO, CaO, TiO2, and MnO decrease with increasing SiO2; K2O 
and Na2O increase with increasing SiO2. Al2O3 and P2O5 increase with SiO2 until 67 and 
64 wt.% SiO2 respectively, and then decreases thereafter.  
By design, the majority of individual analyzed glass shards plot in medium or high-K 
fields with few plotting in the low-K field. The K2O values for a given wt.% SiO2 show 
increasing variability as SiO2 increases (Figure 13A). High silica samples show K2O 
values that range from 0.74 to 4.86 wt.% whereas low silica samples vary to a lesser 
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degree between 0.27-1.15 wt.% K2O. This is similar to the span and range of K2O 
trends found by Heywood et al. (2020) for several Unit I intervals and all of Unit II. 
Despite this K2O variation at high SiO2 between multiple tephra intervals, the 
majority of individual intervals have shards that plot in clusters with low K2O variability, 
with seven exceptions. In some intervals (e.g 27X-CC-54-56 & 43X-CC-10-12) K2O 
varies by up to 3.5% despite having relatively constant SiO2 across all grains (Figure 
13B). This variability was interpreted by Heywood et al. (2020) as alteration from 
seawater and may explain why one or two shards from a single interval fall below the 
medium -K boundary. Other intervals have a single shard whose chemistry is different 
than the rest of shards in the same interval. This could be due to alteration of some 
glass shards within an interval but it could also be that tephra in these intervals originate 
from more than one source. As discussed later, K is more mobile and is possibly not as 
good of an indicator of source as La/Yb. Microprobe data from Heywood et al. (2020) 
shows similar variation of K2O with SiO2.  
When looking at the overall trends in K2O throughout the entire depth of the core, 
values are scattered with no significant trend with respect to age (Figure 14). 
Na2O concentrations range from 1.9 to 5.7 wt.%, and similar to K2O show the most 
variation in rhyolitic compositions compared to basaltic compositions (cf. Heywood et 
al., 2020). For all compatible oxides, basaltic compositions show the most variation 





4.3  Glass Shard Trace Elements 
Results are reported in Table 2 for the 53 intervals analyzed for trace elements. 
Trace element variation diagrams show three discernable trends even though the 
intervals are from many different eruptions spanning 1.6 million years (Figure 15). Zr, 
La, Nd, Sm, Yb, Lu, and Hf show increase between shards with low wt.% SiO2 (50-60) 
and shards with higher SiO2, although the data is highly scattered (Figure 15A-G).  Rb, 
Ba, Th, and U show concentrations that either increase or stay constant as SiO2 
increases and then sharply extend to a much higher range after 75 wt.% SiO2 (Figure 
15H-K). Sr stays relatively constant until ~73 wt.% SiO2 and then shows a sharp 
decrease with some scatter (Figure 15L).  
Chondrite normalized REE diagrams from rhyolitic glass shards (Figure 16) show 
distinct pattern types that are similar to those obtained from mafic dredge samples 
collected across the arc (see data in DeBari et al., 2020) and can be divided into three 
La/Yb groupings as per Heywood et al. (2020). High La/Yb glass shards are elevated in 
LREE displaying a pattern with negative slope, similar to RASC-type dredge samples. 
Low La/Yb glass shards are elevated in HREE displaying a pattern with positive slope 
similar to arc front dredge samples, and medium La/Yb glass shards show relatively flat 
patterns similar to rift dredge samples. 
 
4.4  Bulk Tephra Isotope Ratios 
 Data for nine tephra intervals with La/Yb > 2.2 (RASC-type), two tephra intervals 
with La/Yb 1.2 – 2.2 (rift-related), two RASC-type rhyolite dredge samples (one western 
and one eastern), and two rift-related rhyolite dredge samples (from the geomorphic rift) 
 20 
were analyzed for Sr, Nd, and Hf isotopes and are presented in Table 3. The rationale 
for analyzing isotope ratios in dredge rhyolites was to compare with published dredge 
samples, which are dominantly basaltic (DeBari et al., 2020). Dredge rhyolites have the 
same isotopic signature as their more mafic counterparts. Hafnium isotope ratios for 
tephra range from 0.283199 to 0.283227 (eHf 14.6-15.6) (Figure 17A). Neodymium 
isotope ratios for tephra range from 0.513069 to 0.513111 (eNd 8.6-9.4) (Figure17A & B). 
Strontium isotope ratios for tephra range from 0.73014 to 0.73786 (Figure 17B).  
On a plot of eNd vs eHf (Figure 17A), five of nine RASC-type tephra and two rift 
rhyolite dredge samples from this study plot in the region of overlap between rift-related 
and RASC-type dredge samples. Four of nine RASC-type tephra plot in the rift-related 
field. The two RASC-type rhyolite dredge samples plot differently based on spatial 
location (and inferred age, see discussion below for inferred age methodology). The 
more westward sample (presumably older) plots in the RASC-type dredge field along 
with tephra from Unit II deeper in the core from Heywood et al. (2020). The more 
eastward (presumably younger) sample plots within the overlap of RASC-type and rift-
related dredge data (Sample locations shown in Figure 1B).  
On a plot of eNd vs 87Sr/86Sr (Figure 17B) four tephra intervals plot in the overlap 
between RASC-type and rift-related dredge data and five plot similarly to volcanic front 
dredge data (Figure 17B). All four RASC-type dredge samples plot in the overlap of 
RASC-type and rift-related dredge data. 87Sr/86Sr values for some tephra from this study 
and one Unit II tephra from Heywood et al. (2020) are unusually high. This may be due 
to seawater alteration, similar to K2O variation seen in some intervals mentioned earlier.  
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Figure 18A shows that older tephra intervals from deeper in the core (Unit II; 4.4 
Ma from Heywood et al., 2020) show an isotopic signature more typical of RASC-type 
dredge samples, as does the more western RASC-type rhyolitic dredge sample 
analyzed in this study (see Figure 1B for location). Two younger Unit I tephras (0.5 and 
0.7 Ma) and the eastern rhyolite dredge sample (with inferred age ~0.9 Ma) with RASC-
type trace elements show isotopic signatures that are in the overlap region between rift 
and RASC for eHf, and in either the overlap region or just into the rift field for eNd.  
(Figure 18). 
SW Japan arc tephra are clearly distinct from RASC-type dredge data and tephra 
analyzed from this study in eNd, eHf, and 87Sr/86Sr ratios (Figure 17). SW Japan arc 
samples have low eNd (< 4.4) and high 87Sr/86Sr (> 0.704211) whereas RASC-type 
dredge samples have eNd > 6.9 and 87Sr/86Sr < 0.703273.  
Unit I Tephra and RASC-type rhyolite dredge samples show an increase in eNd 
and eHf over time as samples become younger in age with the exception of the youngest 
Unit I tephra analyzed (0.5 Ma) (Figure 18A). The five oldest Unit I tephra intervals 
analyzed in this study (4.0-2.3 Ma) show lower eNd (< 8.8) with the oldest sample 
showing the lowest values of all (Figure 18A). The oldest Unit I tephra also shows the 
lowest value of eHf (14.6) (Figure 18B). Data from the 4.4 Ma Unit II tephra from 
Heywood et al. (2020) continues this trend of lower eNd and eHf in older intervals as does 
the more westward (presumably older) RASC-type rhyolite dredge sample analyzed in 
this study. Younger intervals from this study show higher eNd and eHf values (> 8.9 and > 
14.9 respectively) and become more like rift-related dredge samples through time, with 
the exception of the very youngest 0.5 Ma tephra from Cory Saavedra et al. (2019) and 
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Straub (unpublished data). The more eastern (and presumably younger) RASC-type 
dredge sample follows this trend.  
 
5. Discussion 
 By combining geochemical data from this study (1.1-2.7 Ma) with data from 
Schindlbeck (2018a), every tephra interval from 0 – 2.7 Ma (299 intervals) has been 
sampled and analyzed, enabling me to identify whether any tephra intervals younger 
than 2.8 Ma show a RASC-type geochemical signature (K2O > 1 wt.%, La/Yb > 2.2, Th 
< 5 ppm, Ba/La < 30, eNd 7 – 9, and eHf 12.5 – 15.5). Any evidence of RASC-type glass 
shards in tephra intervals younger than 2.8 Ma would support the hypothesis that 
RASC-type volcanism was indeed active more recently than previously thought, and 
hence continued to erupt magmas with a more “continental” signature, and that silicic 
explosive eruptions from deep water to the west of the rift were common. Tephra layers 
are generally undisturbed (only minor bioturbation) and are separated by intervals of 
mud from quiescent background deposition between eruptive events (e.g., Corry-
Saavedra et al., 2019) which precludes mixing of older (> 2.8 Ma) tephra with younger 
tephra.  
 
5.1 Interpretation of Glass Chemistry 
5.1.1 Distinguishing SW Japan Arc Tephra from RASC-type Tephra 
Because the RASC region was not previously thought to be active < 2.7 Ma, any 
tephra deposited in the Izu Bonin arc region with K2O > 1 wt.% and La/Yb > 2.2 were 
assumed to be sourced from the SW Japan arc (see Corry-Saavedra et al., 2019; 
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Schindlbeck et al., 2018a). We refine this interpretation using Th concentration, Ba/La, 
and eNd to distinguish tephra erupted from the SW Japan arc vs. possible tephra erupted 
from the RASC region. As described earlier, RASC-type dredge samples have lower Th 
concentration (< 5 ppm) combined with lower Ba/La values (< 17) when compared to 
SW Japan arc tephra (Figure 19). RASC-type dredge samples also have higher values 
of eNd (6.9-9.4) than SW Japan arc tephras (eNd 1.3-4.4) (Figure 17) (cf., DeBari et al., 
2020; Hanyu et al., 2006; Sugimoto et al., 2006). Isotopic data from Hanyu et al. (2006) 
and Sugimoto et al. (2006) show that Japanese tephra have eNd < 4.4 (Figure 17). 
Using the combination of major and trace element geochemical signatures, eight 
tephra intervals (multiple analyses per interval) in the age range from 1.1 to 2.7 Ma from 
the Expedition 350 U1437B core are classified as originating from the SW Japan arc 
(see Figures 17 & 19). K2O and La/Yb values should overlap for RASC-type and 
Japanese tephra, but Th concentration combined with Ba/La ratios should show 
distinctly higher values for tephra erupted from the SW Japan arc. Isotopic data was not 
collected for these eight intervals and therefore cannot be used to further confirm that 
they were erupted from the SW Japan arc. 
In contrast, Nd isotope ratios of nine tephra layers (age range 1.1 to 4.0 Ma) that 
have wt.% K2O > 1, La/Yb > 2.2 and other trace element characteristics indicative of a 
RASC-type origin have isotope ratios that clearly show that they originated from the Izu-
Bonin arc rather than the SW Japan arc. This is based on distinctly higher values as 




5.1.2 Recognition of RASC-type Tephra in Intervals 1.1 - 2.7 Ma  
In the following discussion I plot geochemical data that specifically highlights 
geochemical characteristics indicative of RASC. Glass shards with volcanic front and rift 
geochemical signatures (K2O < 1 wt.%, La/Yb < 2.2, Th < 2 ppm) are grouped together 
as they do not need to be identified separately for the purposes of this study. 
Additionally, intervals with multiple glass shards that show more than one geochemical 
signature have been grouped together and labeled “mixed”. Mixed intervals with at least 
one RASC-type glass shard are considered in the total number of RASC intervals. This 
is a reasonable approach because if at least one RASC-type shard is present in an 
interval that indicates that the RASC region must have been active during that time. 
Geochemical signatures of K2O > 1 wt.%, La/Yb > 2.2, Th < 5 ppm, Ba/La < 25 
are used to identify tephra erupted from the RASC region based on comparison with 
compiled dredge sample data. As discussed above, all intervals in this study were 
chosen based on having some shards that contain K2O > 1 wt.%. Several RASC-type 
intervals with high silica values (> 75 wt.% SiO2) do plot below the medium K field, 
which is true also for RASC-identified dredge samples but are still largely above 1 wt.% 
K2O (Figure 19A).  
Of the 53 K2O > 1 wt.% tephra intervals analyzed in this study, 36 tephra 
intervals have glass shards with La/Yb greater than 2.2 (Figure 19B) and hence would 
be categorized as RASC-type according to Heywood et al. (2020). All 36 of these 
intervals also have Th vs. Ba/La that further support their origin from the rear-arc region 
(Figure 19C). As mentioned above, I interpret eight intervals to originate from the SW 
Japan arc and that the other nine intervals are from the volcanic front or rift (Figure 20). 
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For all figures, RASC-type glass shards are shown in blue, volcanic front/rift are shown 
in red, and SW Japan arc tephra in gray based on K2O, La/Yb, Th, and Ba/La signature. 
 
5.1.3 Geochemical Changes of RASC-type Tephra Intervals Through Time and Space 
Over time, RASC-type tephra show a trend to more rift-related signatures, 
especially in isotope ratios. In Figure 21, RASC-type and mixed intervals are separated 
into 0.1 - 0.3 Ma age groups by color. Older intervals (2.5-2.6 Ma) plot together and 
trend higher in K2O compared to younger age groups. No clear trend is apparent for any 
age group with respect to La/Yb. The two oldest age groups (2.2-2.6 Ma) show higher 
concentration of Th compared to younger intervals. The younger age groups, especially 
the youngest (1.1 - 1.5 Ma), generally span the entire range of K2O, La/Yb, and Th and 
do not show a distinguishable trend. This suggests a stronger, more characteristic, and 
less scattered RASC-type trace element signature in older intervals than younger 
intervals. Generally, eNd and eHf in tephra samples from this study show an overall 
increasing trend from 4.4 Ma to 1 Ma, suggesting that younger samples are from an 
increasingly depleted source (Figure 18A). In summary, major and trace elements 
interpreted to be RASC-type change subtly to less RASC-type over time (Figure 21), but 
isotopic signatures in a subset of those samples become clearly rift-like over time 
(Figure 18).  
Heywood et al. (2020) was able to link age and eruption location by plotting the 
distance from the volcanic front of rhyolitic dredge samples (unknown age but known 
location) and the age of rhyolitic tephra intervals (unknown location but known age), and 
then link those data sets with two tie-point samples of known age and location (Unit II 
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4.4 Ma tephra rhyolite and a 1.3 Ma dredge rhyolite) (Figure 22A). Their results show an 
eastward progression of younger volcanism from the RASC region towards the rift. They 
also find that the younger, more eastward tephras transition geochemically toward a rift-
related signature. Using these tie points, I use the age of my samples to bracket the 
eastern and western borders of where site U1437B tephras were likely erupted. 
Eruption location based on Heywood’s tie points suggest that these eruptions originate 
from the eastern portion of the RASC region, between 60 - 77 km from the volcanic front 
(Figure 22B), in a similar location and somewhat westward of dredge sample 38 in 
Figure 1. Connecting age, location, and chemical data sets provides a framework for 
change in rhyolitic tephra through time and space across the Izu-Bonin arc and shows 
that younger intervals move progressively eastward inheriting a more rift-like signature.  
This is suggestive of an eastward progression of magmatism in the back arc 
knolls region that is RASC-type in trace element chemistry but rift-like in isotope 
chemistry. But even trace elements show some change over time from strong RASC-
type signature in older intervals to weaker RASC-type signatures in younger intervals as 
seen in Figure 21.  
The two RASC-type dredge rhyolites analyzed in this study confirms the 
depletion of younger and more eastward samples (Figure 18 A&B). The more westward 
dredge sample is presumably older and has a more RASC-type isotopic signature while 






5.2.1 Recent RASC-type Volcanic Activity and Eruption Frequency 
Data from this study suggests that RASC-type magmatism did indeed continue 
after 2.7 Ma and continued even to as late as 0.5 Ma using trace element and isotopic 
data from Corry-Saavedra et al. (2019) and Straub (unpublished data) (Figures 17 and 
18), albeit with geochemical evidence for a progressive shift towards rift-related mantle 
domains.  
Data for tephra intervals younger than 1.1 Ma were previously interpreted to be 
sourced from either the arc front, rift, or the SW Japan arc because the rear arc was 
assumed to be in active during this time (Ishizuka, 2003a). Schindlbeck et al. (2018a) 
identified 169 total intervals at site U1437B from 0-1 Ma and found that 21 intervals 
originate from the SW Japan arc and 148 intervals originate from the Izu-Bonin arc 
front/rift. Based on K2O, La/Yb, Th, and Ba/La as used earlier, I reinterpret the origin of 
some of these tephras. I find that there are 19 intervals younger than 1 Ma that are 
RASC-type, 124 intervals from the arc front or rift, 20 intervals from the SW Japan arc, 
and six intervals that have K2O > 1 wt.% but could not be further classified due to lack of 
trace element data. Additionally, isotopic data from Corry-Saavedra et al. (2019) and 
Straub (unpublished) shows that one tephra interval (0.5 Ma) is RASC-type. 
My study presents data from 130 individual tephra intervals that were deposited 
between 1.1 to 2.7 Ma. Seventy seven of these 130 tephras have K2O < 1 wt.% that I 
interpret to be arc front or rift and did not analyze further. 53 of these 130 tephras have 
K2O > 1 wt.%, which I further analyzed and found that 25 are RASC-type, 11 are mixed 
with at least one RASC-type glass shard present, 9 are from the volcanic front or rift, 
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and 8 are from the SW Japan arc (Figure 20). While 36 intervals have shards with 
RASC-type trace element signatures, isotope data shows a progressive transition in 
younger intervals (< 2.7 Ma) towards rift-like signatures.  
The identification of RASC-type tephras < 2.7 Ma requires reinterpretation of the 
previously described volcanic history of the Izu-Bonin arc, the eruption frequency of the 
rear-arc, the magmatic output of the rear arc and the SW Japan arc, and the 
mechanisms that can allow multiple regions of the arc (rear arc, rift, and volcanic front) 
to be active at the same time. 
This tephra record can be used to calculate eruption frequency from different 
source regions during the 2.7-1.1 Ma time frame. Eruption frequency of RASC-type 
tephra is 36 eruptions per 1.6 million years or 2.3 eruptions per 100,000 years. Eruption 
frequency of tephra from the SW Japan arc region that makes it as far as the Izu-Bonin 
region is 8 eruptions per 1.6 my or 0.5 eruptions per 100 ky. Eruption frequency from 
the arc front/rift that produces westward moving tephra is 86 eruptions per 1.6 my or 5.4 
eruptions per 100ky.  
To see how this eruption frequency changes over time, I have divided this 
timeframe into three sections, 1.1 - 1.6 Ma, 1.6 - 2.1 Ma, and 2.1 - 2.7 Ma. There was a 
total of 130 eruptions from 1.1 to 2.7 Ma with RASC-type eruptions accounting for 32% 
of eruptions from 1.1 - 1.6 Ma, 30% from 1.6 – 2.1 Ma, and 35% from 2.1 – 2.7 Ma. 
From 1.1 - 1.6 Ma, there are a total of 47 tephra layers indicating discrete eruptions. 
Eruption of RASC-type magmas account for 32% of those tephra intervals during this 
timeframe, 11% were tephras from the SW Japan arc, and 57% were from the VF/rift. 
From 1.6 - 2.1 Ma there are 43 tephra layers indicating discrete eruptions. Only 5% of 
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tephras erupted during this time were RASC-type, 2% were from SW Japan, and 93% 
from the arc front/rift. From 2.1 – 2.7 Ma there are 50 tephra layers indicating discrete 
eruptions. RASC-type magmas account for 38% of eruptions during this time, 4% came 
from the SW Japan arc, and 58% came from the arc front/rift. These percentages show 
that there was a waxing and waning of RASC-type eruptions. RASC-type eruptions 
were more common from 2.7 to 2.1 Ma, less so from 2.1 Ma to 1.6 Ma, and more 
common again 1.6 – 1.1 Ma. 
Due to geochemical asymmetry of the Izu-Bonin arc, the rear-arc magmas 
produce crust that is more similar in composition to the average continental crust than 
magmas produced at the arc front. Because the rear arc is now known to be active 
more recently than previously thought, this region is continuing to produce continental-
like material for a longer period of time. 
 
5.2.2 Flux of RASC-type Eruptive Material 
Volcanic flux is the total amount of material erupted from a volcano including gas, 
lava, and pyroclastic material. Accounting for material inputs and outputs of subduction 
zones is an active area of research. Silicic tephras provide an important volumetric 
component of output material and as such it is necessary to accurately their source 
regions. The presence of RASC-type intervals younger than 2.8 Ma indicates that the 
flux of eruptive material from the rear arc during the last 2.8 Ma has been under-
estimated. Therefore, the flux of material from misidentified eruptions needs to be 
redistributed to account for rear-arc activity < 2.8 Ma. The data from my study provides 
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the foundational geochemical information to calculate magma inputs and outputs for the 
Izu-Bonin arc.  
Correctly identifying tephra intervals and their age is necessary to calculate magma 
eruption rates, construct isopach maps to calculate tephra volume, track asymmetry in 
geochemistry across the arc to understand the extent of fractional crystallization and to 
calculate fractionated cumulate masses, and to better understand how far tephra can 
travel in the water column post eruption. Marine tephra in conjunction with their onshore 
counterparts are used to create isopach maps, which are the basis for calculating 
magma mass flux. Offshore tephra provide a more realistic thickness compared to 
onshore tephra (Kutterolf, 2008). Marine tephra also provide a first assessment of 
eruption magnitudes for eruptions poorly recorded or exposed onshore. Changes in 
tephra chemistry outputs over time can help to track erosional changes at subduction 
zones (Schindlbeck et al., 2016). Accurately identified tephra intervals help to improve 
age models used in calculating sedimentation rates (Schindlbeck et al., 2016). 
The short- and long-term measurements of magmatic outputs is important for the 
assessment of volcanic hazards and understanding how arc volcanism relates to the 
processes of subduction and elemental fluxes. Newly identified RASC-type tephra 
intervals improve the ability to more accurately calculate magma output for the Izu-
Bonin arc as a whole and for the geochemical regions across the arc.  
 
5.2.3 Explosive Silicic Eruptions From Deep Water Environments 
Most eruptions on Earth occur on the ocean floor between depths of 4000 mbsl 
and near the surface at mid ocean ridges as well as island arcs and hotspots. Eruptions 
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from these regions are typically basaltic lava flows and do not produce explosive 
eruptions. Deep sea eruptions (> 500 mbsl) are more difficult to detect or observe than 
continental eruptions and therefore little is known about them.  
The 36 newly identified RASC-type tephras necessarily signify eruptions from 
deep water (>500 meters). This is exciting because very few deep-sea explosive 
submarine eruptions have been recorded to date (Mastin and Witter, 2000). Two 
examples are NW Rota and West Mata.  An explosive eruption 555 mbl was observed 
at NW Rota in 2004 (Embley et al., 2006). Another explosive eruption 1205 mbsl at 
West Mata was observed in 2009 by researchers on the NE Lau Response cruise 
(Resing and Rubin, 2009). Before these two eruptions were recorded, it was thought 
that explosive eruptions could not occur at great water depths. NW Rota produced 
basaltic andesites and West Mata produced boninites whereas the tephra-producing 
eruptions from the deep-water RASC region of Izu-Bonin arc were dominantly rhyolitic 
and necessarily explosive. This study shows that abundant explosive silicic eruptions 
can indeed occur in deep sea environments.  
The location of site U1437B was chosen because it lies in a basin between the 
Enpo and Manji seamount chains and because it is shielded from volcanic front 
volcaniclastic density flows (Tamura et al., 2015). RASC-type tephras in the core were 
likely erupted east of the Enpo and Manji seamount chains in the western side of the rift 
region which is typically between 1000-1500 mbsl. This means that a significant number 





 This study considered every discrete tephra interval of the Site U1437B core 
from IODP Expedition 350 from 1.1 to 2.7 Ma in order to determine their source region. 
This was accomplished by combining tephra geochemical analyses in this study with 
previously analyzed tephra data from Schindlbeck (2018a) and Schindlbeck 
(unpublished) and dredge samples of known source region (DeBari et al., 2020).  
I identified a total of 130 tephra intervals in this age range, determining that 36 
are RASC-type, 8 are from the SW Japan arc, and 86 are from the volcanic front or rift. 
Therefore, the rear arc of the Izu-Bonin arc was active more recently than 2.8 Ma and 
all three regions of the arc were active simultaneously.  
Additionally, I found that intervals identified as RASC-type show a change in 
chemical characteristics over time, particularly in isotopes. Older intervals (> 4 Ma) have 
major elements, trace elements, and isotope ratios that are RASC-type, while younger 
intervals (< 4 Ma) have trace element signatures that are RASC-type but are more rift-
like in their isotopic composition. 
One implication of this study is that felsic explosive eruptions can be commonly 
erupted from deep sea depths (> 500 mbsl). Previously, only two other deep-sea 
eruptions have been recorded, NW Rota and West Mata (Resing and Rubin, 2009; 
Derdorff et al., 2011).  
Additionally, this study provides the foundational geochemical data to be able to 
calculate mass flux for the RASC region and the SW Japan arc more accurately and 
account for RASC eruptions younger than 2.8 Ma that may have been misidentified as 
originating from the SW Japan arc. 
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Future work should include analyzing all RASC-type intervals for isotopes to be 
able to differentiate from the SW Japan arc. More glass shards in mixed intervals should 
be analyzed for major and trace elements and isotopes to confirm the presence of 
RASC-type shards. More work needs to be done to recalculate the mass flux from the 
rear arc from 0 – 2.8 Ma to better understand the volcanic hazards associated with this 
region of the arc. 
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Figure 1: A) The Izu-Bonin arc is located in the western Pacific Ocean where the 
Pacific plate subducts beneath the Philippine Sea plate. The location of IODP site 
U1437 is marked with a black dot. Cross section location is labeled A-A’. Map 
created using GeoMap App. B) Map of boxed area in A. Site U1437B is marked with 
a black circle, RASC-type rhyolite dredge localities for samples 38-8 and 12-1 
discussed later in the text are marked with blue and green circles, respectively. C) 
Schematic cross section of the Izu-Bonin arc modified from Wurth (2019). Colors are 
used to mark geomorphic regions of the arc with the volcanic front in red, rift in 
green, and rear arc seamount chains (RASC) in blue. This color scheme will continue 
to be used in subsequent figures. The grey region in this figure denotes the transition 










   
 
Figure 2: Schematic diagram of site U1437 core showing the depths of sampled ash 
















































Figure 3: Age model from Tamura et al. (2015). Dashed red box encompasses the 
depth range of samples used in this study. Paleomagnetism and biostratigraphy were 




   
 
Figure 4: K2O vs SiO2 data of dredge samples from the Izu-Bonin arc from DeBari et 
al. (2020) and tephra from the SW Japan arc (Kimura et al., 2015). Dashed lines 
show boundaries between low, medium, and high K2O. There is a wide variation in 

























Figure 5: A) La/Yb vs SiO2 and B) La/Sm vs SiO2. Data for dredge samples from the 
Izu-Bonin arc are from DeBari et al. (2020) and tephras from the SW Japan arc are 





























   
 
Figure 6: Rare earth element diagrams of dredge samples from Heywood et al.(2020) 
showing patterns of basalts/andesites and dacites/rhyolite that are the volcanic front 
type (red), rift-related (green), and RASC-type (blue). REE values are normalized to 




   
 
Figure 7: Th (ppm) vs Ba/La of dredge samples for the Izu-Bonin arc from DeBari et 





















Figure 8: Isotope plot comparing dredge samples from the Izu Bonin arc (DeBari et 
al. 2020 and tephra from the SW Japan arc (Hanyu et al. 2002, 2006). A) eNd vs. 
eHf. B) eNd vs 87Sr/86Sr. These plots show that RASC-type tephra display lower 
87Sr/86Sr and eNd and eHf compared to the volcanic front and rift regions but are 








































   
 








Figure 9: Data from LA-ICP-MS standards GSD-1G (A), BHVO-2G (B), ATHO-G (C) 
and StHs6/80-G (D) measured as unknowns throughout analyses. Published values 
for the standards are plotted in blue for comparison (Jochum 2005). E) Average 
measured La/Yb values for standards used in LA-ICP-MS analyses shown in black 










Figure 10: Back-scattered electron (BSE) images showing the variation in tephra and 
glass shard morphology. A) Three general tephra types are seen in the section of the 
core used in this study. Type 1 is characterized by large angular glass shards with 
some vesicular glass shards and minerals. Type 2 is characterized by thin glass 
shards with little minerals present. Type 3 is characterized by large amounts of lithic 
clusters and smaller angular glass shards. In addition, there are two general groups 
of shard types. Group 1 (B) shows large vesicle and oxide free glass shards. Group 2 
(C) shows glass shards that contain oxides and some vesicles but, have large 










































   
 
Figure 11: Histogram showing the distribution of silica content analyzed in 237 




   
 
Figure 12: Major element Harker diagram of single glass shards from 53 tephra 


















































































Figure 13: A) K2O vs. SiO2 plot for individual glass shards segregated by their 
inferred origin of volcanic front/rift, RASC-type, or SW Japan arc. B) K2O vs. SiO2 for 
specific tephra intervals that display high K2O variability. The majority of intervals 
have individual shards that plot in clusters with low K2O variability, with the few 
exceptions highlighted in B. Some intervals have glass shard K2O that varies by 3.5% 













































   
 
Figure 14: Variation in K2O (A) and La/Yb (B) of glass shards with respect to depth 
(which corresponds to age). K2O shows no change in K2O variation over time. La/Yb 








































Figure 15: Trace element Harker diagram of data in Table 2. Units are in ppm and 
each point represents a single glass shard. Elements are organized by similarly 
behaving elements. Group 1 (A-G) includes Zr, La, Nd, Sm, Yb, Lu, and Hf. Group 2 




































































































   
 
Figure 16: Rare earth element diagrams normalized to chondrite values from 
McDonough and Sun (1995) showing the similarity between previously published 
dredge data (Heywood et al., 2020) and tephra data from this study. Each line in the 
rhyolite tephra column is data from a single glass shard representative of a distinct 
tephra layer. A) Volcanic front dredge and tephra intervals with La/Yb < 1.2 are more 
enriched in HREE creating a positive slope pattern. B) Rift dredge and tephra 
Intervals with La/Yb 1.2-2.2 show a relatively flat pattern. C) RASC-type dredge and 
tephra intervals with La/Yb > 2.2 and are more enriched in LREE creating a negative 












































Figure 17: ENd, EHf, and 87Sr/86Sr isotope data of tephra and dredge samples. Tephra 
intervals from this study are shown in black and green diamonds, and rhyolite dredge 
samples in blue and green squares. Dredge data fields for the volcanic front (red), rift 
(green), and RASC (blue) from DeBari et al. (2020). RASC tephra data from 
Heywood et al. (2020) (yellow). SW Japan arc data from Hanyu et al. (2002;2006) is 
shown in grey. Tephra data for eNd from Corry-Saavedra et al. (2019) and eHf from 







































Figure 18: A) eNd vs Age B) eHf vs Age. Dredge data fields for rift and RASC-type are 
in green and blue respectively (DeBari et al., 2020). Comparing isotopic composition 
of older tephra and dredge samples to younger samples shows a trend from RASC-
type to rift-related over time. The four oldest samples, ranging in age from 3.5 – 4.5 
Ma, are lower in eNd and eHf, which is consistent with a RASC-type signature. The 
samples younger than 2.7 Ma fall into the rift field for eNd, except for the youngest 
tephra interval in purple, which falls into the overlap between the RASC-type and rift-
related fields for both eNd and eHf. Tephra intervals shown in purple are from Corry-








Figure 19: Comparison of tephra glass shard analyses (triangles) and dredge whole 
rock analyses (shaded fields). A) K2O (wt.%) vs SiO2 (wt.%). B) La/Yb vs SiO2 (wt.%) 
C) Th (ppm) vs Ba/La. Dredge data for volcanic front (red circle), rift (green circle), 
and RASC (blue circle) from DeBari (2020). Japan data (gray circle) from Kimura et 
al. (2015). Tephra data from this study include volcanic front/rift (red triangle), RASC-











Figure 20:  Schematic diagram of site U1437 core showing sampled intervals and 
their respective inferred source. Each line represents an individual tephra interval 
with pink representing tephra from the volcanic front or rift, dark blue representing 
RASC-type tephra, black representing tephra from the SW Japan arc, and light blue 
representing tephra intervals with two sources (RASC-type and Volcanic front/Rift or 

















































Figure 21: Variation diagrams for tephra analyzed in this study segregated by age. A) 
K2O (wt.%) vs SiO2 (wt.%). B) La/Yb vs SiO2 (wt.%) C) Th (ppm) vs Ba/La. RASC 
data segregated into time intervals with warm colors representing younger tephra 































































































Figure 22: A) K2O (wt.%) vs distance plot showing age-distance tie points used to 
infer location of site U1437B tephra samples. Colored symbols represent dredge data 
with known eruption location whose age is inferred from the age-distance tie points. 
Black symbols represent U1437B tephra with known age (Heywood et al., 2020).  
B) Map of the Izu-Bonin arc showing inferred eruption location boundaries of site 
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